A 2.7-kilobase (kb) cDNA sequence complementary to Suncus murinus mammary tumor virus (Sm-MTV) genomic DNA was prepared using purified virions produced by the Sm-MT cell line, which had been established from a spontaneous mammary tumor of S. muninus. It was found, by using this cDNA in Southern hybridization experiments, that Sm-MTV was endogenous to this animal and that some 50 copies of endogenous provirus were present per haploid celiular genome. In addition, a proviral Sm-MTV DNA sequence, 9.4 kb long (Sm-P-MTV10), was cloned from a Sm-MT cell genomic library, and its long terminal repeat was found to be 720 base pairs (bp) long, with the U3.R and U5 regions 574 and 146 bp long, respectively. The boundary between U3 and R was not determined with certainty, though in the cDNA, the U3 and R regions were 462 and 105 bp long, respectively. The overall homology between the U3.R regions in the cDNA and Sm-P-MTV was 75%. These two DNAs differed in such transcription regulatory signals as CCAAT and TATAA, the first being missing from the cDNA. Nevertheless, chloramphenicol acetyltransferase assays showed that the long terminal repeats of the cDNA and the Sm-P-MTV were transcriptionaily active but not steroid hormone responsive. Like
Suncus murinus mammary tumor virus (Sm-MTV) is a novel retrovirus produced by an in vitro cultured cell line (Sm-MT), established from a spontaneously occurring mammary adenocarcinoma of a house musk shrew, S. murinus (30) . Morphological, biochemical, and immunological studies have shown similarities and dissimilarities between this virus and other known retroviruses. Morphologically, mature Sm-MTV virions resemble to some extent those of type B (mouse mammary tumor virus [MMTV] ) and type D (Mason-Pfizer monkey virus) retroviruses, and the occurrence of intracytoplasmic A particles is shared by all of these viruses. However, the Sm-MTV envelope is spikeless, and within it, the nucleoid is centrally located (30, 34) . Sm-MTV reverse transcriptase requires Mg2", as does this enzyme of the other two viruses mentioned above. This enzyme and some gag gene products are antigenically related to their type D retrovirus counterparts (30, 35; unpublished data). Experiments to confirm infectivity of Sm-MTV in vitro and in vivo have so far been unsuccessful, and thus a causal relationship with mammary tumorigenesis remains obscure.
S. murinus is a member of the family Insectivora, members of which are believed to be the most primitive of mammals, but which are much more closely related to the early primates (prosimians) than are rodents (21) . For this reason, analysis of the phylogenetic relationship of Sm-MTV with other retroviruses is important, possibly providing data of more relevance to primate and human studies than can be obtained by using rodents.
This report is the first step in these studies and describes the cloning and nucleotide sequence analysis of Sm-MTV long terminal repeats (LTRs) and their transcriptional activities in comparison with other retroviruses. * Corresponding author.
MATERIALS AND METHODS
cDNA cloning of Sm-MTV. The Sm-MT cell line (30) was cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum, and Sm-MTV was purified from the culture medium by sucrose density gradient centrifugation, as previously described (30) . cDNA was prepared by using RNA isolated from freshly harvested virions as the template. Recombinant plasmids containing cDNAs were constructed by the method of Okayama and Berg (16) . Cells of competent Escherichia coli HB101 were transformed with these plasmids, and transformants were screened for Sm-MTV genomes by colony hybridization (9) with 32P-labeled single-stranded Sm-MTV cDNA. Out of 100 transformants, the plasmid containing the largest DNA insert (2.7 kilobases [kb]) was chosen and designated psmMTV3.
Preparation of radioactive probes and molecular hybridization. The DNA fragments used as hybridization probes (Fig.  1, probes a, lecular-weight DNA from Sm-MT cells were partially digested with Sau3AI and size fractionated by density gradient centrifugation, as previously described (13) . DNA fragments (0.5 ptg), 15 to 22 kb long, were ligated to 1 jig of EMBL3 arms, predigested with BamHI and EcoRI (STRATAGENE, La Jolla, Calif.), according to the manufacturer directions. The DNA was packaged into bacteriophages by using a commercially prepared extract, according to the supplier instructions (Gigapack; STRATAGENE), and added to dish cultures of E. coli Q359. About 500,000 plaques were screened by the plaque hybridization technique of Benton and Davis (1), using probe c (Fig. 1) .
Positive clones were plaque purified twice, and A DNAs containing Sm-MTV related sequences were digested with HindIII, SmaI, Sall, and BamHI. The resulting fragments were subcloned in plasmids pUC118 or pUC119 and used for restriction mapping, Southern hybridization, and DNA sequencing. Proviruses thus cloned from the Sm-MT cell genome were designated Sm-P-MTV.
DNA sequencing. For analysis of psmMTV3, appropriate fragments were subcloned into M13mpl8 or M13mpl9 vectors and sequenced by the M13 dideoxy method described by Sanger (14, 22) .
For analysis of Sm-P-MTV, a 2.1-kb SmaI fragment (A sm-P-MTV10 5' LTR [ Fig. 1]) , a 2.4-kb Sall-SmaI fragment (A sm-P-MTV9 5' LTR), and a 2.6-kb SmaI-BamHI fragment (A sm-P-MTV10 3' LTR) were subcloned into either pUC118 or pUC119, plasmids which carry the M13 intergenic region (14) . Deletion clones were then prepared using exonuclease III, mung bean nuclease, and Klenow enzyme, as described by Henikoff (10) .
Cells of E. coli MV1304 transformed with these deletion plasmids were infected with M13K07, a bacteriophage designed to enable production of single-stranded plasmid DNA from pUC vectors carrying the intergenic region. Singlestranded plasmid DNAs packaged in this phage were isolated and used for dideoxy sequencing.
Construction of plasmids expressing the CAT gene. The chloramphenicol acetyltransferase (CAT) plasmids used in this experiment are shown in Fig. 2 . The plasmid pSV2CAT
contains the replication origin of pBR322 and the simian virus 40 early promoter, linked to the coding sequence of the bacterial CAT gene (8) . In another plasmid, pSVOCAT, the entire simian virus 40 promoter region has been deleted and replaced with a unique HindlIl restriction site (8) . psm-LTR-CAT was constructed by gap filling and blunt-end ligation insertion of probe a, shown in Fig. 1 , into the HindIII site of pSVOCAT.
In A sm-P-MTV10, SmaI sites, suitable for CAT plasmid construction, existed 53 base pairs (bp) downstream from the 5' LTR and 1.4 kb upstream from it ( Fig. 1) . To construct psmP-LTR-CAT, the 2.1-kb SmaI fragment thus prepared was inserted into pSVOCAT as described above. LTRs were inserted in the sense orientation with respect to the CAT genes in psm-LTR-CAT-1 and psmP-LTR-CAT-1.
pMMTVCAT is a steroid hormone-inducible CAT plasmid which was constructed by insertion of the 1.4-kb HindIII fragment of pMDSG (11), containing almost the entire MMTV LTR, into the HindIl site of pSVOCAT in the correct orientation.
Transfections and CAT assays. T47D cells, a human mammary tumor cell line whose cells carry high constitutive levels of progesterone receptors in addition to glucocorticoid, androgen, and estradiol receptors (3, 18) , were grown in RPMI 1640 medium supplemented with 10% fetal calf serum. Cells (106) were seeded in a 60-mm dish 1 day before transfection.
Plasmid DNA (10 ,ug) was transfected into T47D cells by the DEAE-dextran method, as previously described (12) . Transfected cells were incubated for 12 h in standard medium in the presence or absence of 10 nM P-estradiol. At the end of culture, the estradiol-free medium was replaced with fresh medium, with or without 10 ,uM XC cells (rat fibroblasts) and HeLa cells were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. Cells were plated the day before transfection at 3 x 105 cells per 60-mm dish, and plasmid DNA (10 gig) was transfected into the cells by the calcium phosphate precipitation method, as previously described (7). At 12 h after transfection, the medium was replaced with fresh medium with or without 10 ,uM dexamethasone and the cells were incubated for a further 36 h.
All cells were harvested 48 h after transfection and were lysed by three cycles of freeze-thawing and ultrasonication for 15 s in 200 ,ul of 0.25 M Tris hydrochloride buffer, pH 7.8. After low-speed centrifugation, 10 ,ul of supernatant was assayed for CAT activity, as described by Gorman et al. (8) . The assay incubation time was 1 h, and under these conditions the rate of product formation was linear.
RESULTS AND DISCUSSION cDNA cloning of Sm-MTV. Figure 1 shows the restriction map for psmMTV3. Several DNA fragments were subcloned in M13 vectors, and the nucleotide sequence of the region extending from the HindIII site to the poly(A) tail (horizontal line 1 in Fig. 1 ) was determined. The results showed that psmMTV3 contained such essential components of the LTR as the TATAA box, the polyadenylation signal, and the polypurine tract (Fig. 3) .
To identify the viral RNA species present in virus-producing Sm-MT cells, total and poly(A)+ RNAs were analyzed by Northern hybridization, using probe c from psmMTV3. As shown in Fig. 4A , Sm-MT cells synthesized 8.8-and 4.5-kb poly(A)+ RNAs hybridizable with probe c, corresponding to genomic and subgenomic viral RNAs, respectively.
Detection of endogenous virus sequences related to Sm-MTV in the S. murinus genome. Cellular DNAs were prepared from livers of captive wild S. murinus specimens and from Sm-MT cells and were subjected to Southern hybridization analysis with probe c. Figure 4B shows that 30 to 40
Sm-MTV-related bands were detected in all DNA samples, clearly indicating that Sm-MTV was endogenous. Although the captive wild S. murinus specimens were not inbred, many bands were common to all the animals, implying that the incorporation of Sm-MTV sequences into the germ line of the S. murinus genome was a relatively ancient and repeated event. On the other hand, bands unique to each sample showed that the animals are even now continuously exposed to Sm-MTV infection. Unfortunately, whether or not the spontaneous mammary adenocarcinoma-derived Sm-MT cells had acquired extra copies of the Sm-MTV genome was not clarified, since no liver DNA sample was available from the animal from which these cells had been derived. However, the number of bands in the Sm-MT cells was p smMTV 3 CGTTAGGGAATGTACAGTTCTTGCCCACCCCTCACTCTGATCAATGCAAACATGGCCATGAGATTTATGAGTGCTCAGAGTTTCCGGGATGACATTTACTTTACAATAGA TAAAAAGTTT * ************** *********** ********************** *** **** * ** * ***** * **** ps mMTV3 TT--ACATTAACCATAATGCAACTGTGTGTGC3AATGTTTGATGATTATCACGTTT-GTACAAAGAAGCCTTACATTCCAGCCAACTGTGTACGTGACTTCCGTGTTCTGTGGTCAGCGA * * ******** ** 5** ***** ** **G******** **.T** **** A*** *5*SA* ******* **** **i************** ******** Sm-MT provirus were present per haploid genome (Fig. 5) , about the same as the detected number of endogenous proviruses.
Under moderately stringent conditions, in which hybridization was performed under the usual highly stringent conditions but in which subsequent washing was only in 1 x SSC-0.1 % SDS at 500C, mouse BALB/c 3T3 cell and human HeLa cell DNAs showed no reactions with probes a or d, indicating that Sm-MTV is phylogenetically far from both MMTV and human endogenous retrovirus, two viruses which do show some homology with each other (17) .
Cloning of provirus related to Sm-MTV. A genomic library established from Sm-MT cells was screened for Sm-MTVrelated sequences by plaque hybridization by using probe c. Of 5 x 105 plaques screened, approximately 200 positive clones were obtained. Of the positive clones, 20 were chosen and further analyzed by using probe a. One clone, designated X sm-P-MTV10, was found by digestion with either SmaI or HindIll to contain two LTR-hybridizing restriction fragments: 2.1-and 7.7-kb fragments after SmaI digestion and 4.8-and 8.0-kb fragments after Hindlll digestion (Fig.  1) . Thus, we assumed that X sm-P-MTV10 carried a fulllength Sm-MTV provirus genome. Another clone, designated X sm-P-MTV9, was found to have a single LTR. However, this clone shared several major restriction fragments with A sm-P-MTV10: 2.8-and 3.9-kb SmaI fragments sm-p-J. VIROL. and 4.8-, 2.5-, and 1.2-kb Hindlll fragments (Fig. 1) . This implied that the provirus genome in A sm-P-MTV10 did not have any major deletions. These two clones were thus chosen for further analyses by restriction mapping. Figure 1 shows restriction maps for these clones compared with that of psmMTV3. Nucleotide sequence analysis revealed that Sm-P-MTV10 was a 9.4-kb provirus with 720-bp LTRs at both ends. In A sm-P-MTV9, the 3' LTR had been deleted, since the Sau3AI site present in the 3' LTR was used for ligation with an EMBL3 arm.
Sequences of the LTRs and their flanking regions. The nucleotide sequences of the LTRs are presented in Fig. 5 . Immediately upstream from the 3' LTRs of psmMTV3 and Sm-P-MTV10, a 22-bp-long polypurine tract was found, serving as the initiation site for synthesis of plus-strand viral DNA, and at both ends of the LTRs, an inverted repeat of 5'-TG... .CA-3', commonly present in retrovirus LTRs, was also detected. Cellular direct 6-bp repeats (5'-TCAGAC-3') were identified immediately outside the Sm-P-MTV10 LTRs; from those positions it was possible to define the boundaries of the LTRs. Thus, the LTRs of Sm-P-MTV10 and of Sm-P-MTV9 were 720 bp in length, while the U3.R region of psmMTV3 was 567 bp long. Total RNA was prepared from Sm-MT cells by the method described previously (13) . Poly(A)+ RNA was selected by oligo(dT)-cellulose column chromatography. RNA was denatured with glyoxal and dimethyl sufoxide and separated on a 0.8% agarose gel. RNA transfer and hybridization were done according to the method of Thomas (29) . The 32P-labeled probe c was used for hybridization: Lanes: 1, total RNA from Sm-MT cells (10 iLg); 2, poly(A)+ RNA (1 ,ug (10 ,ug) were separated on a 0.8% agarose gel, and Southern blot analysis was done by using probe c. (2,800 cpm) was 2.5-fold higher than that on dot 6 (1,170 cpm), indicating that the radioactivity hybridized was proportional to the amount of Sm-MT DNA spotted. The radioactivity on dot 7 equaled that on dot 4 (2,680 cpm).
LTRs of Sm-P-MTV10 were identical and differed from that of the Sm-P-MTV9 LTR by only two bases. When the U3.R region of psmMTV3 was compared with the corresponding region of Sm-P-MTV10 LTR, the latter differed from the former by 15-bp insertions, 8-bp deletions, and 120-bp substitutions. Thus the overall homology of this region was 75%.
Immediately downstream from the 5' LTRs of Sm-P-MTV10 and -9, a primer-binding site, involved in the synthesis of minus-strand viral DNA, was identified. Of the 18 bases at this site, 15 (5'-TGGCGCCCAACGTGCGTG-3') were found to be complementary to the last 18 nucleotides of tRNALys (20) . In this sense, Sm-MTV is similar to MasonPfizer monkey virus (28), the human endogenous retrovirus HERV-K (17), and visna virus (27) , viruses which all use the same tRNA as a primer, but different from MMTV (19) and human immunodeficiency virus (31) , both of which use tRNA YL.
The end of the R region is always defined by the dinucleotide CA, 10 to 20 bp downstream from the polyadenylation signal AATAAA. In all clones, this latter sequence was present at positions 560 to 565 (numbered positions refer to those in Fig. 5 62, 1988 1239 42 bp upstream from the second TATAA box, a which is common in other eucaryotic promoters. CCAAT was identified at positions 449 to 454, w prisingly corresponded to the position of the TATA in psmMTV3. Thus, the structure of the promoter Sm-P-MTV is complicated, leaving unambiguous i tion of the cap site undetermined.
The LTRs of Sm-MTV and Sm-P-MTV had neit] repeat enhancer sequences nor the consensus 5'-GcGGGGGC-3' for Spl recognition (2) . How( types of interesting sequences were found in ps First, 8 bp upstream from the TATAATT box v quence, 5'-TGTTCT-3'., known to be the core sequ( steroid hormone-responsive element found in thi LTR and in other glucocorticoid-inducible promot ond, 62 bp upstream from the TATAATT box, sequence, 5'-TGTTCTGTGGTCAG-3', was found, the first 6 bp are again the hormone-responsive elen while the remaining GTGGTCAG is highly homolo, the enhancer core sequence 5'-GTGG,j4G-3'
14-bp sequence is also homologous with the seq TGTTATGTGCTAAG-3' present in the LTR of ti endogenous retrovirus HERV-K (17) . Recently, C (18) reported that in human breast cancer cell line I expression of the HERV-K genome could be stim progesterone after estradiol treatment. This led us by CAT assay the transcriptional activities and the responsiveness of Sm-MTV LTRs.
Transcriptional activity of LTR. Figure 6 shows ti absence of hormones, psm-LTR-CAT-1 and ps CAT-1, in which the LTRs had been inserted in orientation as the CAT gene, were transcriptiona (lanes 8, 10, 14, and 16) . From the percent cons chloramphenicol, they were calculated to be half as the simian virus 40 promoter (lanes 4, 8, and 10). T are consistent with the speculation that the U3 of is responsible for viral RNA transcription. It is it that psmP-LTR-CAT-1 showed transcriptional act ilar to or even higher than that achieved by psm-L AcCm L 1, even though the structure of the promoter region in Sm-P-MTV profoundly differed from that in Sm-MTV. In contrast, psm-LTR-CAT-2 and psmP-LTR-CAT-2, in which the LTRs had been inserted in the opposite direction, did not show any CAT activity (lanes 1 and 2); pSVOCAT was also inactive (lane 3).
Cato et al. (3) showed that CAT activity directed by MMTV LTR was inducible by dexamethasone or R5020 in T47D cells, a finding which was confirmed by the present study (lanes 6, 7, 12, and 13) . On the other hand, neither hormone had any stimulatory effects on the promoter activities of Sm-MTV and Sm-P-MTV, in spite of the presence in the Sm-MTV LTR of the hormone-responsive element core sequence and of the 14-bp sequence described above. The same results were obtained in XC cells and HeLa cells (data not shown). These data are consistent with our previous observation that 1 ,uM dexamethasone had no effect on the production of Sm-MTV by Sm-MT cells. The presence of CAT mRNA, directed by Sm-P-MTV LTR, will allow us to determine the cap site in the Sm-P-MTV genome by primer extension experiments, using oligodeoxynucleotides complementary to the 5' end of the CAT gene.
Nucleotide sequence analysis of the putative env gene. In addition to the LTRs, we sequenced the 3' portion of the putative env gene, which in psmMTV3 was the region extending to the HindlIl site present 1,123 bp upstream from the 3' LTR (horizontal line 1 in Fig. 1 ) and in X sm-P-MTV10 was the sequence extending to the SmaI site present 973 bp upstream from its 3' LTR (horizontal line 2 in Fig. 1) .
Comparison of the two resulting sequences showed that nucleotide sequence homology over this region was 93%, significantly higher than the homology over the U3.R regions of the LTR (75%). The differences which were found consisted in Sm-P-MTV10 of a 4-bp insertion, a 3-bp deletion, and a 64-bp substitution. An open reading frame extending from 108 bp upstream of the LTR to the end of the sequenced region (HindIII site) was identified in psmMTV3. In Sm-P-MTV10, on the other hand, nucleotide changes resulted in frame shifts and possibly premature termination.
Cm[ * **g***g**@**gg*g 5) , pMMTVCAT (lanes 6, 7, 12, and 13), psm-LTR-CAT-1 (lanes 8, 9, 14, and 15), and psmP-LTR-CAT-1 (lanes 10, 11, 16, and 17). Transfected cells were either treated with 10 ,uM dexamethasone (Dex) for 36 h (lanes 5, 7, 9, and 11), or pretreated with 10 nM P-estradiol for 12 h (lanes 12 to 17) followed by 100 nM R5020 treatment for 36 h (lanes 13, 15, and 17). At 48 h after transfection, cells were harvested and the CAT assay was performed as described in Materials and Methods. CAT activity was expressed as the percent conversion of [14C]chloramphenicol to acetylated derivatives per hour. It is interesting that the immunosuppressive peptide sequence common to many retroviral transmembrane proteins, but not to MMTV (4, 5) , was found in this region (Fig. 7) . In Sm-MTV, its amino acid sequence (Fig. 7) 
